We demonstrate quantitative in situ viscosity measurements by tracking the thermal fluctuations of an optically trapped microsphere subjected to a small oscillatory flow. The measured power spectral density of the sphere's positions displays a characteristic peak at the driving frequency of the flow, which is simply proportional to the viscosity, when measured in units of the thermal power spectral density at the same frequency. Measurements are validated on different water-glycerol mixtures, as well as in a glycerol gradient, where no a priori knowledge of the solution is used to determine the glycerol concentration. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3020713͔
The two main mechanical properties of a complex fluid are its elasticity and viscosity. Understanding and quantitative characterization of viscoelasticity in small volumes such as cells or microfluidic devices require the development of methods that can access these parameters in situ down to the nanoscale. Their measurement with optical tweezers was demonstrated qualitatively in a living yeast cell. 1 They have, in general, great potential for single-cell diagnosis, as for instance, viscoelastic cell deformability is sensitive enough to monitor changes occurring during cell alteration from a normal toward a cancerous state. 2 Changes in viscosity play a role in the regulation of diffusion-mediated processes, such as intercellular communication, signaling, and differentiation. Furthermore, it is a critical factor in the optimization of liquid photoresists used for stereolithography in microfabrication processes. 3 To demonstrate quantitative in situ viscosity measurements, we here probe local viscosities with the thermal fluctuations of an optically trapped microsphere embedded in the fluid of interest. The sphere's position is recorded with a quadrant photodiode by back-focal plane interferometry. 4, 5 Several similar so-called active microrheological methods have been introduced before, [6] [7] [8] [9] [10] [11] but they all rely on calibration against standards, for a preliminary determination of the detector's sensitivity or of the local laser power at the sample, employing usually reference solutions with wellknown properties. Therefore, they suffer limitations when truly quantitative in situ measurements are needed. A recently introduced detector calibration procedure 12, 13 is independent of such a priori assumptions on fluid properties and detector sensitivity. Instead, it measures them by considering the power spectrum of a trapped Brownian sphere exposed to a Stokes' drag arising from a small oscillatory fluid flow. To validate the proposed method for in situ viscosity measurements, aqueous glycerol solutions at different concentrations are used as typical purely viscous model fluids of dynamic viscosity and density . A suspension of 10 6 microspheres/ml fluid is loaded into a liquid chamber ͑size Ϸ20ϫ 5 mm 2 and thickness ϳ100 m͒ by capillarity. Subsequently, the liquid cell is sealed with vacuum grease. A piezoelectric stage moves the sample chamber with a sinusoidal oscillation x drive ͑t͒ = A sin͑2f drive t͒ at a given amplitude A and frequency f drive , while the laser trap remains fixed. This creates a fluid flow around the trapped microsphere. Experiments are performed at room temperature ͑Ϸ24°C͒ with a polystyrene bead ͑radius a = 0.5 m͒ trapped with a Nd:YAG laser beam ͑ = 1064 mm, 500 mW͒. The Brownian sphere is typically positioned at a distance h Ӎ 50 m away from the glass surface to avoid any boundary effects.
14, 15 The equation of motion gives the positions of the bead in the lab-trap system as the sum of its thermal fluctuations and its response to imposed oscillations in fluid velocity, x͑t͒ = x therm ͑t͒ + x resp ͑t͒. Accordingly, the resulting power spectral density P͑f͒ = ͉͗x͑f͉͒ 2 ͘ / t msr , with t msr the measurement time, splits up into two components; P͑f͒ = P therm ͑f͒ + P resp ͑f͒. 12 To increase statistics, data acquisition is done at a high sampling rate of 200 kHz during t msr = 50 s. At this 5 s time resolution, Einstein's theory of Brownian motion is insufficient since it neglects the particle's inertia and hydrodynamic memory effects. As shown previously, 16 ignoring such memory effects leads to errors in the determination of the trap stiffness k and detector sensitivity ␤ at high sampling rates, for large particles, and strong traps. Under the present experimental conditions ͑k Ͼ 30 N / m͒, neglecting inertia would lead to an underestimation of k and ␤ of more than 15%. We therefore use the hydrodynamically correct theory of Brownian motion, 12, 15 and hence have for t msr → ϱ that 
describing the "thermal background" arising from Brownian fluctuations. The characteristic frequencies f m =3a / m, f
2 ͒, and f c = k / ͑12 2 a͒, with m as the particle's mass and k as the trap stiffness, are related to the particle, the fluid, and the trap, respectively. In practice, to avoid leakage, t msr is chosen to be an integer multiple of f drive so that the discrete experimental power spectrum P͑f͒ features a Kronecker delta peak at f = f drive ͑Ref. 12, Appendix C͒. The viscosity of the fluid follows then directly from Eqs. ͑1͒ and ͑2͒,
The oscillating fluid imposes a viscous drag ␥ =6a on the trapped particle, resulting in an oscillating displacement of its Brownian fluctuations about the trap's center. Due to the laser counteracting on the particle's oscillations, the amplitude A resp of its response will be smaller than A and depends on ␥. To keep A resp within the linear range of the detector, 5 we set A = 200 nm, and f drive = 10 Hz is chosen well below the resonance frequency of the piezostage. Furthermore, relatively strong trapping forces, i.e., highest possible f c ͑typically between 1 and 1000 Hz͒, are adjusted by the incoming laser power to counterbalance the viscous drag on the bead. For a solution with high viscosity, for example, 80% ͑w/w͒ glycerol in water, the particle's displacement with respect to the trapping potential minimum can be clearly detected in the two-dimensional histogram of the probability density of the particle's position ͓Fig. 1͑a͔͒. In a solution with relatively low viscosity, such as pure water, the sphere's sinusoidal oscillations are masked by thermal fluctuations ͓Fig. 1͑b͔͒.
The measured P͑f͒ is more sensitive to ␥ and features a characteristic spike at f = f drive , as can be seen in Fig. 2͑a͒ . At f f drive , Eq. ͑2͒ fits the blocked values with an accuracy better than 6% between 100 Hz and 10 kHz, and even 2% between 10 and 100 kHz, yielding the corner frequency f c ͓Fig. 2͑b͔͒. P therm ͑f drive ͒ is directly read off the fit in Fig.   2͑b͒ , and P͑f drive ͒ from the graph in Fig. 2͑a͒, resulting in by Eq. ͑3͒. The peak amplitude scales with the glycerol concentration and hence ͑inset͒. As viscosity increases f c drops below 10 Hz ͓lightest gray plot for pure glycerol in 17 It fits our data best for a temperature of Ϸ35°C, pointing to laser-induced heating in the trapping focus. 18 Finally, we tested the method in a nonhomogeneous but still purely viscous medium, namely, a concentration gradient of glycerol in water. We measured the viscosity locally at different positions along the gradient, moving in steps of 5 m ͑Fig. 4͒. The time interval between two consecutive measurements, from one position to the next, was less than 60 s, ensuring a stable gradient on this timescale. As shown in the inset, the glycerol concentration at any position in our sample chamber can be determined, and also the linearity of the created gradient is verified.
In conclusion, the presented methodology is fast and can easily be adapted to study in quasireal-time minute volumes of even dynamic and inhomogeneous media, such as the cytoplasm. As viscosity of a fluid is directly related to its temperature, this method can also be used to quantify laserinduced heating in an optical trap in a medium of known viscosity, or more generally detect local temperature changes at the nanoscale.
